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Schematic HPGe planar gamma detector

B doped = 0.3 um

(implantation) HPGe
: 4y, 1010 o3
P Charge carrier density: 10'°cm
Surface passivation: +
p  contact
1 HPGe planar detector
e B o
electrons +
n contact

\ Diameter: 40mm

Height: 20mm
Li doped = 0.9 mm

(diffusion)
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HPGe gamma detector (chemical Passivation)

Passivation techniques: study the evolution
9 Y X-ray Photoelectron Spectroscopy (XPS)
of Ge — GeO - GeO,,
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National Laboratories of Legnaro (LNL)
University of Padua (UNIPD) S. Carturan et al., Mater. Chem. Phys. 2015
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HPGe gamma detector (Passivation test)

|-V Curve to determine the leakage current

(in diode configuration measurements at cryogenic
temperature)

* Crystal is depleted (reverse bias)
* Crystal at 80 ~ 90K
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Gamma detector state of the art (AGATA)

Encapsuleted coaxial HPGe n-type detectors ATC (AGATA triple cluster detector) Installation at LNL-INFN (13ATCs)

* 2Kg weight

e 80 mm diameter

* 90mm long

* 1 core inner contact
36 segments
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J. Eberth et al. Eur. Phys. J. A (2023) 59: 179
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Schematic coaxial segmented n-type detector

/ \9*(‘3)
n-type HPGe bulk

The boron junction is thin,
and easily segmentable

n*(Li) [V-]

| 3
| K
I Nl‘ilz
Passivation INEN
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Schematic coaxial segmented p-type detector
n* (Li)

p-HPGe

bulk The boron junction is thin,
and easily segmentable [ Polarity inversion demanded
p*(B) [V+] to test higher damage
resistivity (hole trapping by
The lithium jlll’lCtiOIl is thick neutron damage)
and not stable under annealing i
treatments J. Eberth et al. Eur. Phys. J. A (2023)
59:179

Passivation INEN
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Schematic coaxial segmented p-type detector

Ve D\
p-HPGe

bulk

The boron junction is thin,
and easily segmentable [~

Polarity inversion demanded
to test higher damage
resistivity (hole trapping by
The lithium junction is thick neutron damage)

and not stable under annealing i
treatments J. Eberth et al. Eur. Phys. J. A (2023)

‘ ‘ \ 59:179

p*(B) [V+]

Thin and thermally stable n-type dopants
h e ‘ (Pulsed Laser Melting).

|

Y p-HPGe with segmentable
n+ junction collecting
electrons.

Passivation | N EN
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New contact/junction on HPGe: PLM (Pulse Laser Melting)

Deposition pulse < 100ns
5 4B Doping layer 1.\\. I'\. l.\. \ 'a,.Laser Doped layer
o® o L ddd
e 1 —— _ 3
E ~ Regrown layer
- ——— — --____=- _______.__._—L—' ___‘_-__J__: = ____._,-—=
Advantages:

Melting temperature is reached - short time (<100 ns)

Only the surface (< 200 nm) is melted, the bulk is at room temperature
High dopant concentrations with very sharp dopant profile

Doping with heavy elements without crystal damage

Very clean process suitable for preserving the Ge hyperpurity
Suitable for complex contact geometries (segmentation)
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Sheet resistance

New contact/junction

Charge carriers

I Impurities concentration in Ge bulk I

on HPGe: PLM on HPGe crystal

332
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V. Boldrini et al., Journal of Physics D: Applied Physics (2018) volume 52, 3
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New contact/junction on HPGe: Chemical concentration profile

SIMS (Secondary lons Mass Spectrometry)
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Etched surface
(High waviness,

low roughness)

New contact/junction on HPGe: Surface preparation

Grinded surface
(opaque)

/,

r""lm.

Polished surface
(Low waviness,

low roughness)

(3:1) HNO, : HF

2_
|
1.8 l - 10°
| T I . L i
] Grinding | | Polishing -
= 16
= |
E | =)
g 14 | E
= | - 10° g
212 ' E
o : _S)
S 11 < o
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b [
0.6 1 M I
04 1 I 1 : | L S I IR | 10°
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rotating disc rinsed
with H,O, 1%
(pH 12 with KOH)

t [min]
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New contact/junction on HPGe: PVD Sputtering deposition

Magnetron Sputtering deposition
Sb material Al / Ge material

nt Sb 2 nm

pt Al 4 nm
(Ge cap) | (10 nm)
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New contact/junction on HPGe: PLM Laser tecnology

Excimer KrF laser

optional 0138 197 228 1698 1760 1807
aperture | ! | 1

BS FL Mask

H —N

M2

Diode
energy detector

331

106

Doublet — 2383
with

window

External EM
_—H 2580

M1  Attenuator Substrate ¥

e A=248 nm, 22 ns

* Frequency: 1-10 Hz
 ED= 50-1300 mJ/cm?

* Square 5x5mm? spot

* Homogeneity: < 2%

* |ateral resolution <30 Um
* Motorized XYZ stage
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New contact/juntion on HPGe: PLM Laser tecnology

g [ aser beam

Planar
samples

Rotor

Rotor

Coaxial
samples

Z-axis

Z-axis

XY-axes
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PLM contact/junction: 1° type Segmentation

- Full area <::| PILM
l 2

Au deposition
100 nm PVD deposition of Au in Ar
plasma with ultrapure target in
vacuum (106 mbar)

\

Photolithography
Photoresist deposition, baking,
exposure and development,
followed by Au stripping and
resist removal.

Intercontact gaps passivation
(3:1) HNOj : HF etching followed
by chemical quenching passivation.

4
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Thin planar HPGe detectors

Sb n* junction, p-type HPGe,
Bp* L=10mm, t=2mm

N Iy g SR ] Electrical test: Gamma ray test:

- " reverse |-V characteristics 241 Am spectra acquisition

;.'*"" > "’“JU' a 3
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S. Bertoldo et al., Eur. Phys. J. A (2021) 57:177
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Thin planar HPGe detectors

Sb/p-HPGE/AI, L=35mm,

t=2mm
"
—l 107
= Before annealing ' - 9
o After annealing L 4
.. ! o 107+
.| : o
il i 107
i > 4
: [+H
L ] | o
: 102
. ! .
! . 102
! Before annealing
.. . o
Minimum gap tested 0.1mm G = o | 9 ) After annealing
l "0+ ——
: 0 50 100 150 200 250 300 350 400
1 V (V) 10
Energy (keV)
W. Raniero et al., I NUOVO CIMENTO 44 C (2021) 154
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PLM contact/junction: 2° type Segmentation

PLM |::> Partial area

Lithographic process using selective 1
etching solutions: Selective etching
WET ETCHING « Hot pure H,SO, for Sb deposition
(preserve Sb junction)
* H,0, for GeP deposition (slowly
etches everywhere)
» Kern solutions (H,O,, H;PO,, Ethanol) 1

Removal of untreated dopant
using selective etchants to
protect the near junction.

for Al-Ge deposition (preserve Al
junction)

Chemical passivation
Passivation of undoped
surfaces with suitable solutions.

UNDOPED

<R
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Thick planar HPGe detectors

Vdepl. H ]300\/
Sb/p-HPGE/A|,
L=35mm, t=10mm ; 1
10_3 T v rvrrn T — T T T T T — T 3
3 n+ junction 3
n+ junction s ] n+ junction(!) -
. 107 4 + junction(M)(!
(spring contact) ] n+ junction(!)(!)
n+ junction()(1)(!)
10° 4 R NN / A A SN AU
ood s
< .
n+ junction (1) / (1)(!) 10 -------------------------------- 4/
indium pad ] )
10—12 —— .
N 10713 E;'%? g&éﬁ DLy, TN
n+ junction (1)(!)(!) @{‘ﬁﬁé@:”,w s
i 1. A )
elastic tabs o V) \’\w , , ‘ , .

0 1 3
Sb/p-HPGE/AI, 10 10 V (V) 107 10

3 --;- i. D=40mm, t=20mm
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Coaxial HPGe detectors: 3D Photolitography Segmentation

Robot 3D
photolitography

D=50mm, H=50mm

Flexible PCB contacts

26
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Coaxial Photolithography: Robot 3D

The laser micrometer measures the surface after a rotation of the coaxial detector while keeping

the robot in the same position

Coaxial Dummy

Misalignment
of the
segmentation
lines at the top
of the sample

The error is non-reproducible and is caused by the gripping
system of the coaxial detector and the hole in the crystal itself

3D mapping of the coaxial detector and obtaining its
coordinates relative to the robot's coordinate system with an

accuracy of less than 0.1mm

INFN
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Coaxial Photolithography: Robot 3D

2 3 4

Mapping of the cylinder through vertical lines: line formed by a series of points
Each point is determined by the robot's position + laser micrometer measures

3D reconstruction via lofting technique.
Comparison with a professional 3D scanner , Accuracy <0.1mm.
Construction of the pattern to be lithographed in the robot's coordinate system

Photolithography carried out by the robot

28
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Encapsulation of Coaxial detector

Vacuum - tight canister Flexible Kapton PCB

S. Capra et al, JINST 19 CO1011 (2024)

29
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Segmentation Test of Coaxial detector

T= 25°C
0 Al B1 Cl D1
A2 17.8 | B2 16.6 | C2 164 | D2 22.1
A3 23.6 | B3 21.3 | C3 21.5 | D3 27.3
A4 26.8 | B4 23.8 | C4 23.6 | D4 30.5
0 Al A2 A3 A4
B1 22.5 B2 18.0 | B3 17.7 | B4 18.0
C1 270 | C2 19.8 | C3 194 | C4 20.1
D1 21.7 D2 16.3 | D3 18.1 D4 17.4

T=80°K
GO C1 C3 D2 D4
Up 0.4 20 1.4 /
Down / 0.6 7.5 3.0
Right 6.0 7.7 5.3 31.3
Left 4.3 25.0 0.1 12.8
GQ Al B2 B4
Up 8.9 217 /
Down / 3.1 27.8
Right 62.5 0.2 5.0
Left 62.5 11.4 12.5

High resistance between the segments is

measured, exceeding 100 MQ)

30
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Neutrons damage on planar PLM segmented detector

380nA 4MeV proton beam

N3G Pl
N3G Planar ’Li target, 100um

HPGe

Reaction: “Li (p,n) 7Be

Prototype detector is located at 30° 9.5 cm
Neutrons are directly measured with

- CLYC7 scintillators, 30° 2 m

- GASP HPGe y detector, 90° 1 m

7Be + e- o9 71 s 477.6 keV

R. Escudeiro at all. “Neutron radiation damage on a
planar segmented germanium detector” proceeding
Presented at the XXXVII Mazurian Lakes Conference on

Physics, Piaski, Poland, September 3-9, 2023
INFN
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Neutrons damage on planar PLM segmented detector: process steps

The performance test of the new detector

Detector prototype: 1
Sb/p-HPGE/Al, ) R ':'I:te performance test of the detector after
L= 32mm, run of neutron damage
t= 8.6mm 3
4 contacts + guard ring 4 \ The performance test of the detector after
the annealing recovery

The performance test of the detector after
2% run on neutron damage

<R
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Neutrons damage on planar PLM segmented detector: before run

Detector prototype: Starting resolution at 80V operational bias

Sb/p-HPGE/Al, L= 32mm, t= 8.6mm before the neutron damage run

4 contacts + guard ring 241 p
m

! 60Co
. lution in the lab E= 59,5 keV E=1332keV
nergy resolution in the la FWHM < 1,1 keV FWHM < 1.8 keV
| se
= 1.4¢ Segg 241 Am 60,000F — seg 2 . — seg2
= -+ sega — seg 3 — seg 3
I - — seg 4 — seqg 4
s ;| - :
1.2¢ ¥ 40,000f - -
g *E - y ElOO— 4
- = 3
=] =]
1.0F Y 20,000F - v
085' - R - T L L 0....|....|....|....|....|.... 0 ....|...h..|‘.ﬂ...
100 200 300 20 30 40 50 60 70 80 1,000 1,100 1,200 1,300 1,400
bias (V) E (keV) E (keV)
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Neutrons damage on planar PLM segmented detector: after 1° run

Operational Voltage 80V

Neutron irradiation for increasing time intervals
alternated to 5 min runs with 24'Am and °°Co leads
to increasing resolution worsening

After 4 hours of irradiation time,
=~ 4-107 neutrons/cm?, detector is no longer operable

241Am
E=59,5 keV
FWHM = 3,2 — 4,2 keV

—~ 10 j '
= —4— segl 0.7 ‘ [
m -
X | —— seg2 : Before damage [
i seq3 0.6 4 | —— After damage
s o)
T G5t sedd 245 1 |
= o
LL g ]
L E 0.4 _
é 0.3 ]
L =) |
Z 0.2 l_'_ll_L
0.1 JH L5
1 AN S N N ! | 1 0 - J "FJ_ h
0.5 1 2 3 4 45 50 55 60 65
x 10° neutrons / cm? Rikey C
W. RANIERO INTRANS 2024 WORKSHOP Istituto Nazionale di Fisica Nucleare
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Neutrons damage on planar PLM segmented detector: After Recovery

Annealing procedure: 7 days at 105°C continuously pumped inside the cryostat

241 Am 60Co

E=59,5keV E= 1332 keV

FWHM < 1,6 keV FWHM < 2 keV

3()J'[}£)£)"''|""I""I""I""I"" T T - T T T - LANELENL L DL L L L N DL L L L I DL
- — seg 1 1 0.7 - 7 [ — segl
— seqg 2 7 Before damage ] 60 seg 2 -
[ — seg 3 | 0.6 4+{ —— After damage . [ — seg 3
® | | —— After annealin 1 i
E 20,000 — —_ £ 0.5 - g | % |
- 5 X 40 —
(] - 0.4 - 4 ~ L
- @ n
g | i = i -IE i
S 10,000} i el 5 |
4 Z v 20
0.2 _
.lL 0.1 - .
0 s b o L 0 - s I LA T B T T 0 PR TR T T | 1 PR [ T T T |
20 30 40 50 60 70 80 45 50 55 60 65 1,000 1,100 1,200 1,300 1,400
E (keV) EikeN) E (keV)
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Neutrons damage on planar PLM segmented detector: After 2° run

Operational Voltage 80-120-160V

. . . . . ) Drastic drop in resolution after
Neutron irradiation for 20 and 2 min to 5 min runs with P

. . . =~ 3107 neutrons/cm? irradiation fluence
241 Am to better characterize resolution worsening /

S 0l - seq I I
g 10T 80V ; 120V ; 160V |
= | [ i
T - i i
24]Am 3 5_ L -
E=59,5keV - r - -
FWHM = < 2 keV until - i i
threshold ’——4’__*_’_’**‘//
1L —t T T |
05 1.0 20 3005 1.0 20 3005 1.0 20 3.0

x 10° neutrons / cm?
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SUMMARY

® PLM technology can be apply to HPGe crystal (hyperpurity preserve)
® PLM junction is thin, segmentable and termally stable (anneling recovery)

® PLM and segmentation technology can be applied to both planar and coxial detectors (2D to

3D shape)

The HPGe crystal surface preparation and the electrical contact force are fondamental

PLM segmented detector recovers after Neutron damage with a very good energy resolution

38
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EUR®:LABS ( mrraNs@®

EUROPEAN LABORATORIES
FOR ACCELERATOR
BASED SCIENCES

\\ W
|
) ‘-"".‘
) _
/4 V
S Ny ’ y ’,
i o -
1 - =
'.‘.‘ T _Z ’,—""
s nstrumentation

for Accelerators Based

InTraNS Gamma Detectors Hands-on Training

LNL-INFN (Italy), 2 - 6 of September 2024

uclear Spectroscopy and Reaction Dynamics
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Germanium material for gamma detector (passivation Y-ray scanning)

HPGe Passivation: lateral scan 24! Am on passivated surface Depletion Voltage

Li 21 mm B
R )  n'contact p' contact
Cryogenic cryostat —— g —_ ;
80 - 90K thickness “‘x.__‘mé E 606 . ;
' 1
1244 / 060 )
ey : " v @O -I :
g 10! # . V e Qo L
reel | - B \
241 g 19 : e
gamma source ““'Am 2 i | . o
g 64 s | 4§ V. e
3 ik 7 = 2500V %>
= E O 2000V v 0
Aluminium . 3 . 2: Im A 1500V
mounting cap - :;:;"ate‘f ________ - ':' . ——e---1000V
592:1:? diameter o4 ™ ¥ s00v

- Teflon support -8

. _— I Counting rate (59.5 keV) of the methanol-
- ; - - -1 21mm passivated detector, at differtent voltage

0.6 mm steps

p' contact

“‘ ﬁlumin ium ELTTTTE T
HPGe support
Aluminium
Lo end cap -

\

collimator

25 mm thick,
1.5 mm diam.

apply

G. Maggioni et al. Eur. Phys. J. A (2015) 51: 141
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Germanium material for gamma detector (passivation Y-ray scanning)

HPGe Passivation: lateral scan 24’ Am on passivated surface

Li 21 mm B
241
i Sc’urciollimfsltor . : n* contact p' contact ll L 21 mm B
|:|‘:‘ Estimated 164 | ] _ | n’contact p* contact |
N s e 1 sevese S e CET -
: (.p \"14_ : 0 o O g g é’A AALAANAA A : thickness ] : 1
- Be 1
' IO A @, 1 354 | ]
| m— — 12 _ : 5 @.o O : 4 $ 1
0 21mm I " Y ] 3.0- =/
0.6 mm steps ) i : L] u b : ' : :
2 104 A " *., O 1 — 11 = B
:)‘ 11 .l L] ] E 25q1¢ electrons holes i
I 1 £ I ]
T gll m "u, . | = ! PR B Sulfide N i
?z:o IR " ] g 20418, O LowH - ]
£ _ : O electrons ] holes o 2\ : o 11 /A HighH n Ol
t 6 I o "= 1 B ! = L 1
3 | : «— l...ﬁ\ : § 1.5 1 i . ®  Methanol -..I E
> 4_= AN B Sulfide ..l. ® : 10_: O . an " o A :
41 ] : | | | | ®
. O LowH - i I an" .*d |
Estimated . 247 A i 1 Estimated T .O 1
spot - | o ::gh ) .; . s;c:;nae ----------- 659 : -Qle é é & Re@R®° g g g A A :
diameter ? ethanol % i 11 1
0- diameter i ;
T T T T T T T T T T 0.0 T T . . r r : r . :
0 2 4 6 8 10 12 14 16 18 20 (5 é ;1 EIS é 1IO 1I2 1I4 1I6 1I8 2I0
d (mm) d (mm)
* Methanol termination G. Maggioni et al. Eur. Phys. J. A (2015) 51: 141
* Sulphide termination
* Low Hydride termination (10% HF) Thin dead layer on passivation surface

* High Hidride termination (50% HF)
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HPGe gamma detector (chemical Passivation)

Passivation techniques: study the evolution

of Ge — GeO - GeO,,

Lateral
surface

passivated

XPS Binding Energy collected after 1
month of air exposure (RH about 55%)

Counts

Counts

2x10° A

1x10° -

0 et

X-ray Photoelectron Spectroscopy (XPS)

Ge (2p) GeO,
Ge QW

1212

2x10°

1214 1216 1218 220 1222

Binding Energy (eV)

1224

1x10°

Ge_S GeO

T T T T —
1214 1216 1218 1220 1222
Binding Energy (eV)

1224

Counts

Counts

2x10°

1x10°

-

0
1212

1214 1216

1218 1220 1222

Binding Energy (eV)

6.0x10"

4.0x10"

2.0x10"

0.0 =
121

a=? -

T T
1214 1216 1218

Binding Energy (eV)

S. Carturan et al.,, Mater. Chem. Phys. 2015
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Thick planar HPGe detectors

Al/n-HPGE/Sb,
D=40mm, t=20mm

Sb/p-HPGE /Al

L=35mm, t=10mm

P/p-HPGE/Al, L=35mm,

1077 E

-
‘-'
-
- !
-— !
-
-
-
-
-
-

t:.l Omm 10'12 0‘-- e Y __________________:"_!__‘_’_,_' _______ ‘4 _’___% _________________________________
R v AN K L’ LY . .
_et v N :-'. ';." ...:'"’ ':l:-“"{‘*:?t ':: E-' ;S g
-y 719 l..': ‘l’| |-? "y 'l‘ )l
10'13 = e ¥ ~Ah- " - N ALY S S : __________________________________
: el SN e dl R4 e
. LN Vi v !
) ' WoN o :
- s ? : : [ :
1074 f — ™ i
0 3
10 10 V (V) 10 10
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Thick planar HPGe detectors

Al/n-HPGE/Sb, Sb/p-HPGE/Al, ; Mgy
D=40mm, t=20mm L=35mm, t=10mm 107 - -
10-8 """"""""": _______ S [} :"",'_’ y _";'_";}=
------ p+ junction Rl
. n+ junction Yy VYV
10 n+junction(y | S 3
n+ junction(!)(!) Wy A ]
A10-10 : ,' /! A ’ ?
< ;o ’::: e 3
: T R T L bl r:" -'l'“" -: E t"
P/p-HPGE/Al, Difficult to reach L e Ry
L=35mm, t=10mm depletion voltages | ]  __.--=77 S
(600V for 1em, 1072 o= A\ IS SN S MY
2200V for 2 cm) I W LTt
' ] LY By . v
1 10-13 WY 5 b ',,' b A TN S A INY LS
Probably due to 8T Tl WA N
junction mechanical 10714 : ? — — - .
weakness under 100 10" V (V) 10° 10°
manipulation C
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